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]y iunn, th li. ,o.rA r„ ri ralp.i oh,ccolvU = m ib> . hi un„ , , t'd 
l)y peroxisome [jrohieralor-activated rec:e{>tors (FPARs). If; clnucal presiiancy-specUic disorders, usdudms pree:c;[am[)S!a. gesta- 
tional diaDetes. and intraurenne growth restriction, aberrant regulation oi: components oi the PPAk system paraliels dysregulation 
of metabolism, inflammation and aiigiogenesis. Ihis review summarizes current knowledge on the role of PPARs in reguiatms! 
human irophoblast invasion, early placental development, and also m die physiology of clinical presuiancy and its comphcations. 
As iiicreasmdy indicated in the literature, pregnancy disorders, such as preeclampsia and gestational diabetes, represent potential 
taiEjets lor treatment with PPAR hgands. W^th the advent oi more specific PPAR agonists that exhibit efficacy in amehorating 
me tabolic, inflammatory, and angiogemc disturbances, further studies of their apphcation m pregnancy-related diseases are war- 
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which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 



1. INTRODUCTION 

Peroxisoiiie prolifdr.stot -ictiv Jted receptors (PPARs) are ma- 
jor regulator.s of lipid and glucose metaboiism, inflamma- 
tion, and angiogenesis [ 1-6] that allow adaptation of the 
mother to the nu tritional and perfiision requirements of the 
fetus 1 3, 7, 81. PPARs, members of the nuclear hormone 
receptor superfamily, are ligaiid-activated transcription fac - 
ic.n,. The PPAR amino acid sequeiice can be divided into 
live riioduiar doriKiins: A/B, C, D, E, and R Doiuain E is 
the ligand binding domain (LBD) and contains a iigand- 
dependent transcriptional activation tVmction (AF-2). Do- 
main C IS the UNA binding domain, formed of two t>'pi- 
cal zinc iingers. PPAils activate 1)]\A direct repeat response 
elements by binding as helierodimers with retinoic acid re- 
ceptor (RXR) par-tners [91. There are tliree PPAR isotyjjes, 
PPARa-. PPARy, and PPAR/3/5, that are highly conserved 
across species, with mouse, rat, and human sequences shar- 
ing :>80% amino acid homology [6, 10] . The conserved ex- 
pression of different PPAR and RXR isotypes in both rat 
and human placentas [111 suggests that these recep'tors play 
functional roles in placental lipid tran.sfer and homeosta- 



sis. PPARa has a wide distribution and is prominent in tis- 
sues with high metabolic rates such as liver, heart, skele- 
tal muscle, and Iddney and in steroidogenic organs such as 
the adrenals \12]. PPARy has three isoforras (PPAR)'], y?., 
and y3) and is expressed in brown and white adipose tissue, 
large intestine, to a iesser extent m immune cells (monocytes, 
macrophages, Peyer s patches of the digestive tract), the mu- 
cosa of colon and cecum, andplacentaftrophobiasts i 13-16]. 
PPAR/i'rt is distributed in all rissue:, tested with particularly 
high expression in placenta and large intestine \8, 17, 18], 
PPARa: and PPAR}' are involved ii! adipocyte diifereulialion, 
lipid nielaboliMi!, insulin actioii, and in the reguiatioi! of in 
flammatory responses ! 1, 5, 16], particularly involving the 
macrophage i 19]. PP/VRH/cS is kno^xn to be involved m'lipid 
m,eiabolism and inflammation, as well as keratinoc>te ditfer- 
entiation and wound healing |5, 20, 21]. 

The PPAR s) slen! is iiitin latei)- ii ivolved i ti car'd io vascuia t 
disease, obesity,' as well as pregnancy -speciftc diseases [6, 22], 
Over the past decade studies have shown that all three PPAR 
isotypes are expressed in human placental trophoblast cells 
[11] and that they are involved in the regiiiation of pregnancy 
physiology and its clinic::il coiTiplicalions. Physiological .-nid 
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l AHf s: i: Effects oi'pbysiological and pathophysioiogiaii co 


iditioRs on PPAR. 






Influence on WAR action 






Conditions 


PPAR-action 


Model 


Reference 


Diabetes 


Increases PPARy in skeietal muscle 


A'lurine 


Park et al. [22] 


Age 


Increases PPARy in subcutaneous fat in older man 


Human 


Imbeault et al. [23] 


Decreases PPARct in heart 


Murine 


lemitsuetal. [24] 


Hypertension 


Increases PPARu: and y in aorta and mesenteric arteries 


Murine 


Diep and Schiffrin [25] 




Soy extract increases PP^Ula: and y in macrophages 


In vitro 


Mezeietal. [28] 


Diet 


High-fat diet increases adipose tissue expression of 
PPARy and induces ¥¥AKy2 rnRNA expression in liver 


Murine 


Vidal-Puig et al. [26] 




I-hperlipid diet reduces PPARy in colonic epithelium 


Murine 


Delageetal. [29] 




Low-calorie diet decreases FPARy in subcutaneous fat 


Human 


Biistard et al. [27] 




Increases PPARy DNA binding activity in fat depots 


Murine 


Petridou et al. [30] 


Exercise 


Increases PPARa in bearl 


Murine 


lemitsu et al. [24] 




Increases PPAR/J/S in skeietal nuiscle 


Human 


Fritz etiil. [34] 


Obesity 


Iiicreases of PPARy2 and PPARy2/PPARyl ratio in adi- 
pose tissue 


Human 


Vidal-Puig etal. [31] 


Me I oK vn ronr 


Dominant-negative mutation in PPARy induces 
metabolic syndrome 


Human 


Savage et al. [35] 


]r ulit r I nice 


Piogiitazone ameliorates IR 








PPARy Ala allele protects against hypennsuhneima 




i / 1 i 1 [^2] 


\;1.ai;J.l A 






ill 1 1 


[ABLf -> Hfcct f ma b 
tauter i.g ^^t! rcl lU 


lie conditioxis on pregfiancy- specific diseases (GDM; gestalioii 
on; -: reduced risk; +: increased risk). 


il il I es 11 .J tu 


rT.: preeciaiupsia; lUoR: In- 




Influence on pregnancy-specific diseases 








GDM PE lUGR Reference 




Diabetes 


-i- — Ostlund el al. [361 




Advaiiced malernai age 


+ + + Delbaere et al. [53] Odibo e 


tal. [37] 


H^.citcn. n 


— + + Sibaie 


al. [38] 






- - - Artale 


al. |41] Saftlas etal 


|43l Scholletal. [39] 


O M Id t\trc , 


Artal e 
Saftlas 


t al. [41] ZhanjJ et 
etal. [43] 


il. [44] Sorensen et al. [42] 


Oi>es)tv 


Cedergren [48] Saftlas et al. [43] O'Brien et al. [47] Ros 
et al. [45] Sebire et al. [46] Bodnar et ai. [49] 


Vlctdl ul > 1 1 1 1 
Insuiiti resistance 
Icnconqt i I ml 


+ + + Rave! 

+ Wolfe) 

mins — - — Bodna 


A. [50] 
al. [51] 
et.l,[52] 





nioijLte the TPAR ,y, 

;nPM), cr')i!t=au:eane 
. Some of these diseases 



K ^ 1 iin.'i 'di.ite.y .ihci cinbi yoiiu iniplaii 
t !*ioj a o Jti Jtern >hystolog'C c ha^iye , oi.i.ur m the cas 
ciwa c 1 r hepalii. and erdoctine >ysteiT.> vviih resuitaiv 
aiiatonncal and metabolic rnoditkations that serve to pro- 
mote maternai immune tolerance of the conceptus and to 



id . 



Ul plasma ^ .mcl £-tabli'. ininr o' i thr 
and ex-ennvc pia^-ntal anC d-r dual ng! 
st-t-ved in prtgnaiic), ar-d xt't^n ihin^,!'"- 
activaiioii of regiilatuig mediators i56 -58!. 

Pregiiancy complications restilt wtier! t! 
fetus fail 10 adapt to these tievv metabolic, 
rhrombogentc challenges. Women with j 



std niiliilional ntvds [54,55,. proi 



) their vascular homeostasis, such 



xistmg com- 
is underlying; 
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Is fuid [>Lia-!i!Jil (■•Jilh'ilogy U'l^H'- jH-roxis')!! 


io jToiifcralov-acliv 


i CCCpiw! 


i PPAR) lEsteracting protein; 






(irolciii 25u). 








I'PARkii^.^koLit 




!'!«C4.Miia! |)all«)l()gv 


i.eihaiiiv 


Referei 




PPARa 




No sigmfiCiiRt elftct oji placeiitalion 




Yessou 


fonetal. i76] 


PPAR£i/5 




Poor placentalion 




Barak ( 


;tai. \77\ 


PPARy 




Poorlv developed labyruith 


100% 


Barak ( 


.tai IS^ f ul.oiaLi al [821 


FPA.Ry^o,i(.irvj 


tor PMP 


i<,cdLia:d sixviigiotrophoblast layer 


100% 


Zhu et 


al. !79! 


PPAR,'cc.d..iiva 


tor IUP250 


Reduced sjjorijjiotrophoblast layer 


100% 


Anion! 


-Mi^ial [80 


RXRa Of /3 




Lack of labyEiiith zone 


100% 


SapiJi ( 


.•tai. [81] 



h>'pertension, diabetes mellitus, or metabolic sviidtonie, 
have a sigjiificantly increased risk of developing j)! c-vinLiticv 
complicsstions (see Table 2). Placenta- associateei coniplicn 
tions also can lead to impaired growth or fetal densi.se 
[59, 60], These placental conditions share vasculopatholog- 
ical mechanisms in common with atherosclerosis and rep- 
resent early markers for maternal risk of cardiovascular dis- 
ease [61, 621 and hypertension [61, 63, 64], Curiously, aprior 
history of preeclampsia appears to confer protection against 

[65,66]. 

FPARs can be activated by natural ligands, like prosta-- 
giandins (PCs), fattv acids, and their derivatives, as well as 
by synthetic ligands. PPAR medications have been devel- 
opedand discovered to be relatively safe drugs wirh bene- 
fits in multiple disease states mcl-dding diabetes and cardio- 
vascular- disease [67] . Fibrate drugs used to treat hyperbpi- 
dernia, and thiazolidinedione drug'^ n^eJ -C' treit '^vt 2 di 
abetes are potent and relatively specittc iigand activators of 
PPARa and y, respectively, and are v»'ideiv used clinically 
[68, 69] . A number of naturally-occurring PPAR ligands have 
s>een identiiied, including long-ciiain faity acids (CI 6 and 
greater), eicosanoids such as 8(S)-.HETE (PPARa) and 9- 
andl3-HODE (PPARy), and PGs such as PGAi.which binds 
to PPARa, PPARjS/5, and i5-deoxy-delta^2,i4.pj.os^aglandin 
j2(15dPGJj), which in turn binds to PPARy [70-721. Both 
the expression of PPAR and the production of their poten- 
tial Ugatids are altered dsiri'ig pregnancy aiid its related ciis- 
ea<t;. ''\e pc'.uiia'e th.it palhologic diversion of fjtly acid 
i'lfabc h;ni trotii the production of eicosanoid ligands 
ri ji-f ,-ia.i.j^;i A--\d gestational diabetes might be corrected 
using srathetic ligands. 

2. PPARsif^TROPHOBLASTINVASiONAND 
PLACE?^TAL 0£VEL0PIV1E^3T 

In iiijt tnine^ter, hunian piaceutjl bed biop^ie;, PFAR-y is 
e^pres,ed ptedcnuiwiitiv ni ii.^asive tiophobiasts, wherea-, 
m ttie second-trimester PPARy is expressed in the coiumns 
of anchoring villi and cytotrophoblasts [73, 74]. In the 
third trimester, PPARy principally localizes to extravUlous 
cytot!-op'hot)last5 (.EVC..1") and villous syncyttoErophoblasts 
[751. where it appears to regulate placental horrnorse pro- 
ductioii and secr-etion. Altliough the tbciis of this review is to 
sumniarize findings on PPAR/RXR heterodimers m human 
piacentation , much of the di rect evidence for a role of these 



receptors in trophobiast ■:i anH placental developmenr 

' is emerged from sr'uiu i \ nir mouse models. This 
■opic is reviewed coinpreliensiveiv in cichaift et ai. 13], atid is 
suinmarijzed briefly here and ui Table 3 [76-81]. 

PP.ARy/RXRct heterodimers play a key regulatory role in 
murme placental development. PPARy deficiency was shown 
to interfere with terminal trophobiast differentiation and 
placental vascularization [78]; embryos without this gene 
show massive piacenral defects that can be rescued by restora- 
tion of the trophobJas! PPARy gene via Eetraploid chimeras 
]151. DthVo:\ of RXRa ji-.Mi RXR/< Jso leads to embryo 
ierhaiity 115, 81, 83]. Both PPAR-mteractms protein (PRTP) 

code nuclear receptor coactivators that associate with PPA Rs, 
R>iJ%.s, and orher nuclear receptoi- prorems, Genetic disrup- 
tion of PRiP or RAP.d3(.i it) mouse models results in em- 
bryonic lethality at postcoiiception days 11.5 and 13.5, re- 
spectively [79, 80]. Placentas of PRIP {-/-) and RAP250 
(- /-) embryos exhibited dramatically reduced spongiotro- 
phoblast and lab\Tinth layers as well as failure of blood vessel 
maturation in the region bordering the spongiotropho blast 
[79, 80]. 

In addition to placentalion per se, PPARy appears to play 
an important role in the uterine preparation for embr)^onic 
implantation. Peeters et al. demonstrated that PPARy ligands 
reduced the production of the eridomcttiii angiogenic fac- 
tor VbfJF, and postulated that this pathway m.ight influence 
early embryonic vascularijzation 1841 . By contrast, PPARy ag- 
onists i':dui t- .sngiogenesis in cardiai. raycnbioMasi; , .niooth 
rnust'e cell;, and icrophages 85 87], Re,.ei.t pieim.inarv 
da>a h^ eu lab and others suggest that the PPAR/ jv,!eni 
alio YU Ucs \ EGF expression w trnphoblast ( )EC-3 1 ^eils 
(Depoix et al„ unpublished). 

.h' r..nct.onal luk of PPARy activ t> s v/dl studied m 
trophobiast physjc.Jc.g) ( Table 4\VpAR ) '.sgciusi: inhibit in 
vasion of cultiired EVC. f isolated from human nrsl - trimester 
placenta, wherea; PPARy mlagomsls prcmcled FA'CT niva 
sion and repressed the PPARy agomst-mediated ettects [78]. 
PPAR)- controls mucin (MUC)-i transcription and regu- 
lates maternal-fetal transport m mouse models 188]. More- 
over, Pi-'.Aky and iiXRut play a role in hiiinan chonouic go - 
nadotropin (hCG) e>.pre:>.,iori, trophob a • liiift rt nu.iiio.-, 
and regulaiion of fatty acid ttansporl a!"l 'criL;. ,n ii.ii'ian 
placental trophoblasls [89, 90i. PPAR;. .i i.iri. ht; iept.n 
induced mflammarory responses in the human pia^eida .91 , 
and inhibits P.'\PP-A expression i92|. 
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Tablj! 4: PPAK au>)o 
human chorionic gco 



villous cTtotroph<)bl<!»t; [iCG: 



Inhibits EVCTiiTOsiofi 

Proinotes tropSjoblast djifeieiitiation hCG secretion 















in vitro 




PPARy 


Regulates tatty acid transjjort 


hi vitro 




hicieases VtGF expression 


In vitro 


lVfoiv,m.pub!islKd 




Terniin;d dilferenliation, placental vascularization 


Murine 






Controls MUC-1 expression 


Murine 


StiaLom-baiaketal, [88] 




Stimulates trophoblast maturation 




Asami-Miyagishi et al. |94j 




Modulates placental lipid rnetabohsm 


Murine 


Capobianco et al. [95] 




Promotes placental development 


Murine 


Nadra et al. i 8] 


PPAE« 


Regulates placental lipid transfer 


Murine/Human 


Wang et al. [74] 


PPAR action in pregnajicy 




Antiinflammatory 




Lisppas et: al. !96i 



Involved in inflammatory control and remodeling in the placenta 
lncreti->ed ciri-ulatiiig PPAR;.- .ictiv sf ors in normal pregnancv 



!n vitro 
!n virrc'''hura \n 



Marviis el: al. [97] 



PPARj3/a 



Sl;miulales '1 1)2 cytokine pattern during pregna: 
Ueclines in choriodeadua with labor 



Yessoufouetal. [76] 
Berry etal. [99] 



Regulat!0!:i of PPARy in |-iutnan placetitai tissues is 
thought to occur through natural ligands (e.g., 15dPGJ2, 9- 
HODE, 13-HODE, and 15-HETE) through dkect binding to 
the receptor's ligand binding pocket [ 1 1, 100] . These ligands 
are likely to be s)iithesized locally within the placenta, l-m- 
therinore, crosstalk betv(,'een the mitogen -activated protein 
Idtiase (M.APK) p38 and PPARy occurs v^'ithin cultured tro- 
phoblast cells [101 J. PPARy decreases IGFTI secretion and is 
thought to inhibit trophoblast invasion via the PiVPP-A cas- 
cade [92]. 

In young PPARo: knock out mice, no major phenotypic 
differences of gross pathology of inlertial organs were de- 
scribed 176, 1021. Howeve.'-, disturbance of the Th]/Th2 T- 
iyniphocrte ratio, rather than placental rnalfotination, is 
tliouijht to be responsible for an increased abortion rate 
{iOV'o; iii PPARar null mice. During normal pregnancy Thl 
t:vtok!nes art; downregulated and Th2 c)'tokines are upregii - 
lated il03]. 

The third distinct PPAR, PPAR/3/5 also is essential for 

placentation as deincnj-! t ated in PFAR/V^ knockout mice 
(Table 3) i77j, and is involved in the regulation of itTtptanta-- 
tion in other anirnai models i 17, 104, 105J. The implantation 
of cultured embryos is enhanced by PPAR/^/5 activation and 

target to^mprove clinical iW outcomes il04]. PPAl^/5 is 
induced during decidualization ol -he iiiiplaiit ition site and 
requires close contact with the biastocyst. ^VMiiill) rtull mice 
die between 9.5 to 10.5 embryonic days due to abnortrial cell- 
ceil commiinication at the placental-decidual interface [8]. 



only for trophoblasr invasion aud diji'erentiation but also for 
estabhshment of the placental matei-nal-fetal transport. 

3. PPARS AND PREGNANCY 

Based on its regulatory functions and known eicosanoid lig- 
ands, PPARy has emerged as an excellent candidate to play a 
role in the regulation of maternal metabolism, maintenance 
of uterine quiescence, and onset of labor by regulating proin- 
flammatory cytokines and prostaglandins (Table 4). Normal 
pregnancy is accompanied by chaisges in lipid and gliicose 
metabolisn), bul further J\e regulation of these pathvcays can 
lead to pregnancy complications such as PE or GDM. Hence, 
PPAR regulators' of these metabohc pathways might be ex- 
pected to be important m human pregnancy 

Some of our initial studies in this field were designed to 




women were added to the cell cuitu]-e medium 1 73]! Per- 
oxisome proliferator responsive element (PPRE) luciferase 
reporter activation was dramatically increased by sera from 
pregitant wonter! compared to nonpregnant women (Fig- 
ures 1 and 2). \Ve showed that PPAFiy (and to some ex- 
tent PP.ARa) activity is increased from the earliest stages of 
pregnancy (Figure 2). The fitidings suggested that circulat- 
ing PP.'\Ry-activaiing fictors, presuinably eicosanoids, were 
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present throughout the course of gestation. We hv-pothesized 
that activation of PPARy bv sera of pregnant women is a 
regulatory adaotation ot the maternal organism to mcreased 

lipici. and gl.i3co:;e ].on,dnig m pregnancy 1 73 1 . 

I 5 3S '■e ; o I e$ e i -^-^Wiy activation 
regulates uterine quiescetjce bv irii-luencing Nuclear Factor- 
Kappa B {InFkB) and cvcloox)?genase (COX-2) expression 
[96, 97, 106]. Reciprocal expression of PPARy and (COX)- 
2 m human term placenta suggests a role of tne PPAk sys- 
tem m the initiation ot labor [98 i. Uncier conditions of 
high PPAky expression, antunflamrnaiory act ions dominate: 
howe\fe] wth Id a r FF\R lev] t p an i COX 

2 concomitantly increases m the tetal rriembranes i98J. Ele- 
vated COX-2 activitvm the human amnion is ODserved m the 
settings oi term and idiopathic preteiTO labor, contributing 
to the generation of uterotonic prostaglandins IPGs), which 
are known to participate m parturition [ 107 !. PPARy ligands 
Idvejeensiou n a jOtii tlivatjc n and reduce 

3 tl rnmat > cvi \ iie .^ene e^pt sk n (IL ]ji TL 6, TL 10 
and TNF-a) and COX-2 [lOSi. Both natural (e.g., 15dPGJ2) 
and s-vnthetic ligands s e.g., trogktazone) were shown to have 
anti-mflammatorv effects m human gestational tissues, sig- 
nificantlv decreasing basal and i.Pb- stimulated PCjE? and 
[(} releis ) pljcent mi run o 108] lF„ 



itl 



1 [1091. 



11 I 



h 



Few studies have elucidated substantial risk of PPAR ag- 
onists durmg pregnane^' m ammai models, but these drugs 
carry a C classihcation h-om the I'DA. i or example, rosigii- 
tazone dia not damage biastocvsi aeveiopment m vitro or 
hirr o e let e wnen \en dunn miinr lenm; 
[IIOJ ^^'^nh the u e oi to !„bti/one durin f re^nan v )s 
geiieraliv consiaered to oe safe i UOj; more data neea to oe 
acquired before these drugs can be recommended. 

4. PPARs AND PREGNANCY-SPECIFIC DISEASES 

Failure of metabolic adaptation to pregnancv can result in 
Dregnancy-specific cotripiications such as PE atid GDM. W'e 
and others have Dostuiated that an2io£;enic factors and cy- 
tokines that lead to patholot;ica: gestational changes are likely 
to be regulated bv the PPAR system (Table 5). 

4. 1 . PPARs and preedampsia 

PE is a multifactorial, pregnancy-related disorder ihat is de- 
tmed by new-onset hyTJertension and proteinuria after zO 
V eek ( f „esi Mi mi 1117 s j c ni f s er 

ai jnd ! f in mo 1 idit; ?n 1 roc rl il t s\ \\s\ cie m i 
epcnbefo b>utzn >Efrc-,nn lehkd ro t^tnil 



.1 the US [1181. 



uin 



ndolheiire in x i 
ci lete 111 51 96[ 



t PP Jvf 



) tl tioni 



76] 



1' 



of .^'.^ARa declines in the chori- 
labor [99]. By contrast. PPAR^W 
exptesicn ^\rhcljs<^cni d i s [ t I ttJ between t le *■ r> 
and third rnmester of pregnancy |99i. increases fuither in 
themimoncoi ci ieii I v, tT u onset oi ht >i 99] 



il i 



del Tl 



be 



u t! of aeri)jl\T u j t dolhehilcel i >ieseiit c n 
ically in the seconii or ttiird trimester, however, fundatrien ■ 
1 1 il mm It r) a d aii^o^tnic bic market in <■! e e ni 
aic d^tcctiolt. 1 tirlv as fit h t n ^tste i Homcn wth 
\Z Elevittd concctitia ion of !L 2 TN a. Mid \ LGFR 1 
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TABE.i-5:P?ARii 


pregnancv'-specific diseases. 








PPAR PPAK-action 


Disease 


Model 


Reference 




Reduced divuliling PPAR)- activjtois in icnim frorr 


PE 


In vitro 


Waite et ai. 


1111 


Placenta! 1 "^dPGr, level are decreased hi diabetes 


GDM 


Muri-ie 


Crpnbiancc 


etal. i95i 


Association of PPAR-y2 Proi2Aia with vveight gain 


GDM 


liul'-m 


Tok et al. ! 1 


12] 


PPARy Placetifal ISdPCJj.iewls are decreased 


GDM 


Human 


Javerbaum 


"tal. [113] 


Decreased 


Ilydatidifom! mole 


Human 


Capparucci 


a etal. [114] 


Decreased 


Choriocarcinoma 


Human 


Capparucci 


a etal. [114] 


Placental PPAR expression is not involved 


lUGR 


Human 


Rodie et al. 


[115] 


Association of PPAR- y2 Prol2Ala polymorpliism 


Preterm birth 


Human 


Meirhaeght 


etal. [116] 



PPARct Lack of PPAR-« upregulates Tb 1 c>-tokine.s Abortion/neonatal mortality Murine Yessoufou et al. [76] 



Figure M linwuiioblot of JEG-3 cells treated with pooled sera 
(10%) froiTi nojipregiiaiLl (NP), pregnant (P), and preeclamptic 
(PE) women. Ceil iysates were analyzed using a specific mouse anti- 
human PPARy monoclonal antibody. Equal amounts of protein 
(50 /<g) were loaded into each lane. Factors in pregnant serum up- 
regulate JEG- 5 PPARy expiession. A decrease in PPARy protein was 
observed in ceils exposed to PE sera (PE) compared to sera from 
normal pregTiant women ("Pj. 



and reduced concentrations of PIGF, lGFBP-1, and HLA-G 
in the maternal serum precede the clinical manifestations of 
PE [119-123]. 

VViTtile the cause of PE remains unknown, several environ - 
nrsentaland genetic riskfactors have been identified (Table 2). 
Relevant to this review are hypertension, diabetes, and high 
(>29) body tnass index (BMI) [47, 124, 125]. Black race also 
appears to be a risk factor for PE [126] although this may 
be confounded by increased rates of the above risk factors. 
Key inflammatory and angiogenic pathways involved in the 
pathogenesis of PE are regulated by th e PPAR system, vvhich 
ii self is influenced by eiivirotirnetv.d .incl l;.-!-!.-: ic r,i>-tois. We 
believe that exogenoias arid endogenous lipid tcgui.itors of 
PP.AR play a role in maternal metabolism and immune func- 
tionin normal and pathological pregnancies. For example. 



cJietary factors and physical activity that modulate the PPAR 
system have been shown to reduce the risk und co urse of PE 
(Table 2). 

Similarly, genetic variations in the PPARy gene have 
been proposed to modif)'' the risk of PB. For example, the 
Pro467Leu mutation of WARv [127-129] is a dominant nea;- 
a ye mutai I fo C cn n f- o 

A report of two mdividuab tone woman, one man) with 
th T3uta II e d e 
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curs at a rate or about Izvo m the Caucasian US popula- 
tion. Vvhile the resulting phenotvpe is hisinlv ai verse and 
even apparently contradictory, it appears that ihe penetrance 
of this mutation is influenced bv other ^etietic, environ- 
mental, ethnic, and gender differences. The .stuaies g;eti- 
erally agree that the presence of the Mil allele is associ- 
ated with mcreased bMI, an mdependent risk fector ror 
PE. Thus, this polymorphism is a candidate atfectma ores- 
o one el 1 o j ] PPAk 

[11)1 h 
F FF F 1 131 F 

! ntlcdst 1 ee 

vananons of mothers and oftspring and pregnancy-specmc 
diseases need to be performed m dinerent etiiiiic popula- 
tions. 

PE is marked by h)']:)erlipidemia, an.d is characterized by 

are more highly oxidized, and oxidized low-density lipopro- 
teins foxLDLs 1, in particular, are highly elevated i 132] , Given 
■he circulating plasm^a lipid disturbances m PE, our group 
performed experiments comparing sera from normal and 
PE patients. We found that seruns from women with severe 
PE had reduced levels of PFAR activating lipids compared 
'vviih .seruns of parity and gesiational a;>e-tiialci)ed women 
and also diminished the expression of PPARy in trophoblast 
cells (Figures 1 and 3) [111 ]. The reduction of transcriptional 
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activity observed in preeclamptic women's sera was siiown 
for PPARy and PPARu, however not for PPARj8/(5 or RXR. 
Tl.e leci-jction in poterili.sl £ ircii],jting PPAR activa!or.>w,js 

observed weeks and :;c5ine1:Imes nrjoiitli;; before the onset of 
maletnil svraplMns and cliDtaidugJiObis oJ PF '133]. O'lt 
results are consistent with other chnical evidence that an- 
timtlaminatoiv re-nlation 's ctiiilcn^ed and tutrber com- 
promised in the maternal sradrome ot P£. Normal preg- 
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iuiaied io be lolera1ed lo :ri\e lbe i 
ihe letus, wiiereas, tn T'F te^'il'toc 'u 
u'sifls aic c^vesuwl) amphtiod loading 
in the mother [133]. In this "hypermf-lanimatory" state of 
PE [134], the c)'tokines TNF« and iLAii which are t>'pi- 
caily controlled by the NF-jcB pathway in :i negati ve-feedback 
loop with PPAR, are elev,3ted 26 60, 11 9". Elevdted in- 
flamiTsatoty parameters in PE accompans' altered levels of 
PG metabolites and circiilating tatty acids. .As noted, PG 
metabolites as well as fatty acids are important ligands of the 
PPAR system [1351. PG metabolism is altered during nor- 
mal pregnancy with levels of vasorelaxants suchas prostacy- 
J n^rei n, where s vj oi.on trictjve { rostagland n lev 
elstend to be suppressed [1361. Failure ot tnese alteraUons 

(c^ IE) 137Tf r txai-mk Pr^ ca t-f tim^ 

lated by tactorsm the plasma of women with PE 1 138 i.. can 
nhb ttVK elie t [HS] U\cls ucu at! h c tatt 
acid ue n thr ir i r e iuun„rac t ff e^n ui 
rise jumi c?lK dunn^ tie n 1 wek f pr- ni ^> d 
cr { pieupto Ivafnn 36 In F the !e\el ite n 
crta e hom cJs t !ou [ 3 9 \\c po 1 tc 
that ate ci PC jnitaL'>h m n th rttin- 138] so It n 
decreased PPAKy ligation and subsequent cytokine activa- 
jt>n [itu fr->{c 1 ]<; i{ f irte ] bv tn )re d s* ihe e of 
PPAR ligands might i>e proposed to ameliorate symptoms 
such as hypertension and inflammation. Jnfortunateiy, at 
present, the mechanism and site ot this salutarv ot PPAR hg- 
and ertect remam unknown m pregnane^', confounded by 
PPAR expression m many cell types, including endothelial 
cells. 

4,2. PPARs and geitatsona! diabetei 

Dun. s, i!t,2ninc\, mateci il Lpid, ud a,luto e 

mc-.bclrni r piofoundh iKied [140 Hit dc\rlopuig \ 
tus uses glucose as its Dredommant energy source, whicn puts 
a continuous demand on the mother to provide tiiis sub- 
^nate [141] lb.- ^^n<;ti t need f^. >ro,c res dt^ n fre 
nienthvr jgbirnu I J d [> > pta idial h>peighve 1 la dun ig 
notmai p.e.. ia!ic\ 141 Y uMtm', uith enet-.v mtlabc h<ni 
< .Ji a< GDM aie not uicomnnn aid ite ofen cb<e ved 
m susceptible Vv'omen at this time. GDM is denned as ajiv 
ciegreeot glucose intolerance with onset or nrst recognition 
during pregnancy. In wom.en with GDM, detective ji-celis 
tx.\^-\ou i-.nsnoi adequalely conipen<a1e foi free latty jcid 
mediated tnsulm resistajice [1421. As elsewhere m our so- 
ciety, the incidetice ot obesity, diabetes, and gestational di- 
abetes nieilirus are ip^i-eaiing m the pregnant population 
[143;. In the United States, the incidence of obesity among 



pregnant women ranges fi-om 18.5% to 38.3% [ 144]; obesity 
comprises a major risk factor for GDM f 145], Morphologi- 
cal changes have been identified in the s>Ticytiotrophoblast, 
cytotrophoblast, trophoblastic basement membrane, and fe ■ 
!al ^essds withni the placentae oi these cases [146]. GD,M 

livery, lUuk, and intrauterine death I and m.aiernal birth m- 
juur= also .:re lommon 125, 147], Ful therrac.re GU'\( has 
emrrged as a [ i 5 fsctoi for »he de^elopmrn^ ci dL=b^1es nwl 
iiUist) pe 2 {mil) and cauijovajcui jr'disease ni later hfe and 
shares a number of epidemiologic, pathophysiologic, and ge- 
netic characteristics with DM2 [148]. GDM also has detri- 
mental effects on the postnatal infants 1 1 49 i , 

The PPAR system regulates the met.iL'oiv and p-; i^says 
involved in the establishment of GDM.. PP.Aii-agonist:; have 
antidiabetogenic, antiinflammatory', and antioxidant eitects, 
which are all potentially beneficial in the treatment of GDM 
[5]. 

Environmental factors, such as diet and exercise and ge- 
netic fectors influence PPARa, v activity ! 130, 150] as well 
as the risk for msiilm resistance and GDM (Table 2). iixer- 
cise activity initiated pirepre^rnancv was shown to reduce ine 
rikofGDM UK 1 l k n [40 41 44, 151 r2 \u 

timonalcf^u 1 „ n c t ^bv 'cal exerci e \\c ^ht o 
ana diet are successful rherapies m some women with GDM, 
^ i I) '"e made ceo'"LGA 

i ce arean leUeiie fo^ 
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ProizAia polymorphism was not associated wiih increased 
msulm resistance m iurkisn women witn Gi>M, how- 
ever It was associated witii weighi gam !ll2], Ihe PPARy 
coactivator-laipiia \,jf(jG-l) poivmorpbism also railed to be 
associated with the development of GDM i 154] . More stud- 
ies on the association of various genetic PPARa and y vari - 
ants and GDM m different ethnic populations will be ot in- 
terest. 

15dPGl2 IS a potent antiinflammatory agent that re- 
presses the expression of a number of inflammatory genes 
an.i -egul itm^ facie r , mcl .d.ng ihe -ran criptson taaor NF 
>tB 33,108 The i.>ncentrUKu of 1 idPGJ ivss .educed 
m placentae from diabetic rats (Table 5) i95]. Placental 
1 .dPG • -I .-o-ed dimm shed m women v,rL gcs 

X t.nra! a.-d pic^e tTKinl diatct"- when '"or-ip red "o eon 
trcls vbeiea= iesr3>ci Mlik cxtde [ stir lu.a'c r of pla^.e-- la! 
in-'a ^eness, diSieienti iti^ v d p-o iferiticn) uere bighet 
intetmpl cent JtMlint he m d.a ^e•tc p. 1 ent< vie. com 
pi.td tn eo. tioh [113 V P.^Ak, -.m oir-ent lUtl c c\ 
.de ovcipincuttio 1 in placenta fa ^m picgestiticnal tnLct c 
i.cnini [ 1 13], It m-v ha\c ti- - -.^cii-ial to ir p.u\e total lu- 
come h) this condition. 

Siiio! ) utei age' 1< tv udtng gUumerutde an] glibr^n 
datn.dc eUubil sct!»!t\ llSS] A randomued ccn 

rrohef^ tc,^ tes' ' e _ t ' e' e s uid Safety of the sul- 
fonylurea agent glybunoe in the management of women with 
GDM showed similar eificacv to insuiin treatment 1156]. 
Both the msulm- and giyburide-treated women were abie to 
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achieve satisfactory glucose control and had similar perinatal 
outcome [156]. 

4.3. PPARs and other pregnancy-sped^c diseases 

Tropiioi\.i • !. . 'r^.i has ernphssi/ed the similarities be 
tween the proliterative, riiigratofv, aiidiiivasive properties 
of placental cells and those" of cancer cells [1571. WARy. 
PPAR(!}/d, and ilXl<. appear to be linked to gestational tro- 
phoblastic neoplasms, conditions associated with malignant 
iic.phcbi.isi hchd\ loi 114]. VVWiy .i.;onist> inhibit Lm^>K.ii 
of noin.ji est! ^^'[lkH!s cv'tcltophoL.last isolaied hoin hiinian 
hfst -trnT! ester placenta, and PP.AR activity has beeti shown 
to be do^vnteguivtted in trophoblastic diseases including hy- 
datidiform mole and choriocarcinoma [114]. 

PPARv has an elfect on fetal and plao^ntai size intluenc- 
ing intrauterine growth,. !n an mtraiitenne growth restriction 
fll/GR) model, gkjcocort:icoids inhibited fetal and placental 
growth partly by suppression ot PPARy in the labyrinth zone 
of the placenta [158J. Activation ot PPARy in the labwinth 
trophoblasts is hypothesized to induce angiogenic factors 
and stimulate the growth of fetal blood vessels, thereby pro- 
moling pi.Kent.il growth. However, tre.jtment of pregnant 
raue wilh ro. iglita/rone led to re-dtjced thickne.* of the .>pori 
giotrophobla; ' layer and the surf see are.3 of labytinttiine vas 
culature, and it altered expression of proteins itnplicated in 
placental development [1591. 

In vitro and in vivo experiments as well as animal models 
studies suggest a link between the PPAR system and gesta- 
tional duration, preterm labor, and birth weight i 116]. Vari- 
ations in the PPAR genes iiitinence other ptegnai icy- related 
mechanisms including birth weight and gestational duration. 
In an Irish population, the PPARy Ala 12 allele was associated 
with shorter gestational duration [116]. 

PPAR iigands regulate apoptotic mechanisms mvolved 
in rupture of the fetal membranes and may play a role 
in preterm delivery, a condition associated with increased 
risk of neonatal sepsis and newborn trauma [160]. 15d- 
PGJjinduced morphological characteristics of apoptosis 
within 2 hours in an amniotic cell line [160]. In addition, 
ciglitizone also induced apoptosis, whereas rosiglitazone had 
no efiect on cell viability [160]. Prevention of apoptosis may 
have therapeutic potential in preterm labor and premature 
rupi ure of the membranes and necessitates further investiga- 
tions. 

interestmglv, PPARor dehciency is associated v/itn j-nis- 
caiiiagc, neonatal mortJiliry, .md a shift hom lb: a 4il 
..ytokine phenotype [76,. [b! pre.lonin: inmjun.f,- i, 
■Jo.'^h, assccialeJ vvith iniLramalion, endc^lhehd 'ivifiini. 

IS ,!L;nilicinlly reduced m the spleens of PPARa nuU mice 
[76 i. Twenty percent ot PPARor knockout mice aborted, and 
olLprmg of PRVR o nnli mice exhibited mcrt.ssed nconat.d 
mortality (13.3%). However the mechanism whereby PPARa 
induces a .lh2 phenotype shitt remains to be determined. 
PP.ARy Iigands also were shown to decrease production of 
inflatrimatory iigands in activated macrophages and T cells 
and to induce a shiir from Th 1 to Th2 cytokine phenotype 
[161, 162[. 



S. CONCLUSIONS 

PFAR& .ire involved m iic.pbcMasi im-asion, pl.iient.il cHel 
opment, parturition, andpresnancy -specitk diseases, partic- 
ularly PE md GDM. The role of the PPAR system in preg- 

mained partly unclear due to lack of knowledge about en- 
ahead ot the identiitcation of physiologic iigands. Partially 
charactet ized inflainniatory, angiogenic, and nuetabolic dis- 
tiiib.incc; in pjcgiMncy- related disea.ses suggest that these 
synthetic Pl-Ak agoitists maybe of potential use in these con- 
ditions. C)ngoing basic studies have elucidated the metabolic, 
antiinflammatory, and angiogenic benefits of PPAHaljiiS 
and PPARyi(i/d dual agonists and PP.AR pan agonists tor 
treatment purposes. However, some experimental and clin- 
ical data have uncovered unfortunate side eJfects of PPAR 
Iigands, including cancer progression and increased cardiac 
event rates. New generations of PPAR modulators are under 
development and these promise to be m.ore receptor-specific, 
and hopefully will activate only a specific subset of target 
genes and metabolic pathways to reduce untoward side ef- 
fects. The potential role of PPARs in regulation of inflarn- 

studies. We submh that PPAR agonists may become bene- 
ficial drugs tor pregnancy-specific diseases, once their risks 
have beenfuDv evaluated. 
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